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This paper experimentally and numerically investigates the effects of large scale high
freestream turbulence intensity and exit Reynolds number on the surface heat transfer
distribution of a turbine vane in a 2D linear cascade at realistic engine Mach numbers.
A passive turbulence grid was used to generate a freestream turbulence level of 16% and
integral length scale normalized by the vane pitch of 0.23 at the cascade inlet. The base
line turbulence level and integral length scale normalized by the vane pitch at the cas-
cade inlet were measured to be 2% and 0.05, respectively. Surface heat transfer mea-
surements were made at the midspan of the vane using thin film gauges. Experiments
were performed at exit Mach numbers of 0.55, 0.75, and 1.01, which represent flow
conditions below, near, and above nominal conditions. The exit Mach numbers tested
correspond to exit Reynolds numbers of 9�105, 1.05�106, and 1.5�106 based on a
vane chord. The experimental results showed that the large scale high freestream turbu-
lence augmented the heat transfer on both the pressure and suction sides of the vane as
compared to the low freestream turbulence case and promoted a slightly earlier boundary
layer transition on the suction surface for exit Mach 0.55 and 0.75. At nominal condi-
tions, exit Mach 0.75, average heat transfer augmentations of 52% and 25% were ob-
served on the pressure and suction sides of the vane, respectively. An increased Reynolds
number was found to induce an earlier boundary layer transition on the vane suction
surface and to increase heat transfer levels on the suction and pressure surfaces. On the
suction side, the boundary layer transition length was also found to be affected by
increase changes in Reynolds number. The experimental results also compared well with
analytical correlations and computational fluid dynamics predictions.
�DOI: 10.1115/1.2952381�
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One way to increase the cycle efficiency of a gas turbine engine
s to operate at higher turbine inlet temperatures �TITs�. In most
ngines, the TITs have increased to be well above the metallurgi-
al limit of engine components. Cooling of turbine engine com-
onents �blades and vanes� is a widely used technique that allows
igher TITs by maintaining material temperatures within accept-
ble limits. Accurate turbine section heat transfer modeling can
ead to an optimized cooling design and therefore higher TITs.

Numerical modeling of heat transfer through turbine passages is
challenge as it is complicated by several factors such as Rey-

olds number, Mach number, combustor-generated high
reestream turbulence, turbulence length scale, hot streaks, and
econdary flows, just to name a few. The efforts of this work are
o experimentally and numerically investigate the effects of large
cale high freestream turbulence on first stage turbine vane heat
ransfer at realistic engine Mach number conditions.
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Summary of Past Literature. While measuring the turbulence
level in a gas turbine is extremely difficult, researchers have found
that combustion systems typically produce turbulence levels be-
tween 7% and 30% �1,2�. Ames et al. �3� reported that the exit
turbulence levels depend on combustor core flow to vane inlet
contraction ratio and the residence time of the flow in the
combustor.

Several research groups have performed heat transfer experi-
ments on turbine vane geometries in low speed cascade facilities.
Ames et al. �3–5� investigated the effects of freestream turbulence
and length scale on vane heat transfer at different exit Reynolds
number conditions. In all these studies with different turbulence
generators, Ames et al. observed that turbulence augmented the
heat transfer in the laminar region with the highest augmentation
in the stagnation region and on the pressure side. An earlier tran-
sition to a turbulent boundary layer was also observed on the
suction side of the vane when the turbulence level was increased.
The length scale effect was also observed with the augmentation
on pressure side heat transfer increased as the length scale was
decreased. Radomsky and Thole �6� documented surface heat
transfer and the highly turbulent flow field around a scaled-up
stator vane. Their observations of the heat transfer augmentation
on the vane surface were also consistent with Ames �4�.

Several experimental studies have also been performed in tran-

sonic cascade facilities to investigate the effect of freestream tur-
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ulence, Mach number, and exit Reynolds number on vane heat
ransfer. Nealy et al. �7� found that turbulence augmented heat
ransfer on the vane surface. He also found that an increase in
eynolds number increased heat transfer levels on the vane sur-

ace and the exit Mach number controlled the heat transfer distri-
ution on the suction side of the vane. Arts and Lambert de Rou-
roit �8� found augmentation levels of up to 100% on the laminar
ortion of the vane subjected to 6% turbulence levels.

Hoffs et al. �9� investigated the effects of Reynolds number and
urbulence on smooth vane heat transfer in a high speed facility
nd found that the boundary layer on the pressure side started
ransition with an increase in the heat transfer coefficient near the
railing edge. Bunker �10� also investigated the effects of high
reestream turbulence �13%� and Reynolds number on the vane
eat transfer in a linear cascade. He found that pressure side heat
ransfer was less affected by turbulence but showed a consistent
ncrease with turbulence over the whole pressure surface. He
ound that increased turbulence hastened suction side transition.
unker also found that heat transfer on the suction side of the
ane aft of transition followed a proportionality of Re1.0.

xperimental Setup and Instrumentation

Wind Tunnel Facility. The two-dimensional Virginia Tech
ransonic cascade wind tunnel, shown in Fig. 1, is a blowdown
acility that is capable of sustaining a constant inlet pressure in the
est section for up to 25 s. Prior heat transfer research that has
een performed in this facility includes work of Carullo et al. �11�,
ix et al. �12�, Holmberg and Diller �13�, Smith et al. �14�, and
opp et al. �15�. Air is supplied from high pressure air tanks that
re charged up to 1380 kPa �200 psi �gauge�� prior to testing. A
ontrol valve regulates the flow from the air tanks to the test
ection. Cascade inlet pressures range from 20.7 kPa
3 psi �gauge�� to 69.0 kPa �10 psi �gauge�� depending on the ob-
ective test conditions. Between the control valve and the test
ection, the air passes through a passive heat exchanger, which
eats the cascade inlet flow up to 120°C. After the air passes
hrough the heat exchanger, the air goes through a contraction and
nters the test section before being exhausted to the atmosphere.

The turbine vane tested in these experiments is similar in ge-
metry to a first stage turbine vane for a small industrial gas
urbine. The vane was scaled one and a half times so that the
ominal exit Reynolds number would be at the desired value.
able 1 summarizes the geometry of the turbine vane.

Fig. 1 Virginia Tech transonic cascade wind tunnel

Table 1 Vane geometry

Chord 91.2 mm �3.59 in.�
Axial chord 50.0 mm �1.97in.�

Pitch 83.0 mm �3.27in.�
Span 152.4 mm �6.00 in.�

nlet and exit angles 0 deg and 73.5 deg
21021-2 / Vol. 131, APRIL 2009
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A diagram of the vane cascade is provided in Fig. 2. From the
vane geometry and the test section size, the vane cascade consists
of four full vanes and two partial vanes, which result in four full
passages and one partial passage. A tailboard placed at the vane
exit angle aids in creating periodic flow through the cascade. The
full vanes are numbered starting from the lower bottom of the
cascade, with Vane 2 being the vane that is fully instrumented to
make static pressure and heat transfer measurements. The slot
located 0.45C upstream of the cascade is used to measure the
turbulence and velocity distributions at the inlet of the cascade.

Static Pressure Measurements. To calculate the isentropic
Mach number distribution on the vane surface, the turbine vane
was instrumented with static pressure taps placed at the midspan
of the vane. Vane 2 was instrumented with 7 taps on the pressure
side, 18 taps on the suction side, and 1 tap near the leading edge.
Static pressure taps were also instrumented on the suction side of
Vane 1 and on the pressure side of Vane 3 to check the periodicity
of the flow. The static pressure measurements were made through
experiments conducted independently of the heat transfer experi-
ments. In addition to calculating the isentropic Mach number dis-
tribution, the acceleration parameter distribution on the vane sur-
face was calculated.

Static pressure taps on the end wall of the cascade were used to
measure the inlet and exit static pressures and characterize the
inlet and exit flows. Fourteen inlet static taps were located 0.45C
upstream of the vane passages and 14 exit static taps were located
0.45C downstream of the vane passages. Figure 3 provides typical
cascade inlet temperature and inlet and exit Mach number time
histories during a blowdown test run.

Heat Transfer Measurements. Heat transfer measurements
were made with thin film gauges that allow for high spatial reso-
lution measurements on the vane surface with minimal flow dis-

Fig. 2 Cascade diagram showing the vanes and the axis ori-
entation for measurements with the traverse
Fig. 3 Cascade inlet temperature and Mach number history
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uption. Thin film gauges were originally developed by Schultz
nd Jones �16�, and variations of the original design were used by
oorly and Oldfield �17� and Dunn �18�. The thin film gauges that
ere used in these experiments are two-layer thin film gauges

imilar to the gauges developed by Doorly and Oldfield �17�. The
auges were manufactured according to the procedure described
y Joe �19�.

Each thin film gauge consists of a 3.18 mm �0.125 in.� long
latinum sensor attached to copper leads, which are sputtered to a
apton sheet that is �k=0.12 W /m K� 50 �m thick. The Kapton

heet with the gauges is attached to a vane manufactured from a
ow thermal conductivity ceramic material, Macor �k
1.46 W /m K�. A photograph of the gauges installed on the vane

s shown in Fig. 4. Forty-three thin film gauges were instrumented
n the vane, with platinum sensors placed at the midspan of the
ane.

Thin film gauges are used to measure a change in temperature
n the surface of the vane. The platinum sensor of the thin film
auge changes resistance with temperature and is therefore cali-
rated for temperature coefficients of resistivity prior to testing.
ince the gauge changes resistance with temperature, the gauge is
sed as one arm of a Wheatstone bridge circuit. The Wheatstone
ridge used in these experiments is described by Joe �19�. The
hange in voltage across the bridge during the experiment is
ampled at 1 kHz during the experiment using a 16 bit NI SCXI-
600 data acquisition system. The data from up to 31 gauges can
e recorded in this facility during a single test.

To reduce the heat transfer data, several steps must be taken.
he voltage output from each Wheatstone bridge is converted into
surface temperature using the gauge calibration and basic
heatstone bridge operating principles. Next, the heat flux for

ach gauge is calculated by using a finite-difference code devel-
ped by Cress �20�. The finite-difference code uses the time his-
ory of the surface temperature of the gauge as a boundary condi-
ion and solves the one-dimensional transient heat conduction
quation. Over the majority of the vane, the conduction is as-
umed to be semi-infinite since Macor conducts heat very slowly.
ear the trailing edge, the heat flux is calculated over a finite
aterial thickness, with the surface temperature measured by the

auges on each side of the vane used as the boundary conditions
o calculate heat flux. Once the heat flux is determined, the heat
ransfer coefficient can then be calculated by using

h =
q�

�Taw − Tgauge�
�1�

here the adiabatic wall temperature is defined as

Taw = To1� 1 + rc

� − 1

2
Ma2

1 +
� − 1

Ma2 � �2�

Fig. 4 Photograph of thin film gauges in wind tunnel
2
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It was assumed that the boundary layer was turbulent every-
where, so a recovery factor of rc=Pr1/3 was applied to all of the
gauges. The heat transfer coefficient can then be nondimensional-
ized by calculating the Nusselt number as

Nu =
hC

ka
�3�

The heat transfer coefficient can also be nondimensionalized in
terms of the Stanton number given by

St =
h

�LULCp
�4�

Figure 5 shows typical vane surface temperature and adiabatic
wall temperature time histories, and Fig. 6 shows the calculated
heat flux and heat transfer coefficient time histories during a blow-
down test run.

Uncertainty Analysis. The experimental uncertainty of the heat
transfer measurements was calculated by using the perturbation
method described by Moffat �21�. The analysis took into account
the bias error and precision error. An uncertainty was calculated
for each gauge at every test condition. The total uncertainty of the
heat transfer coefficient for the gauges ranged between �8.5%
and �11.0% with the bias error contributing to the majority of the
total uncertainty. For each test condition, measurements were per-
formed at least three times to establish repeatability.

Fig. 5 Typical vane surface and adiabatic wall temperatures
history

Fig. 6 Typical vane surface heat flux and heat transfer coeffi-

cient history
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urbulence Generation
To generate freestream turbulence levels of 16%, a passive

quare mesh turbulence grid was used. A schematic of the turbu-
ence grid is provided in Fig. 7. The grid design was based on the
orrelations reported by Baines and Peterson �22� and on research
erformed by Nix et al. �23� on turbulence grids in the cascade
ind tunnel. The square mesh grid has bar widths of 1.91 cm

0.75 in.� and is spaced to create 3.81�3.81 cm2 �1.5�1.5 in.2�
quare openings. The porosity of the square mesh grid is 52%.

The location of turbulence grid relative to the test section is
rovided in Fig. 8. The turbulence grid is oriented so that the flow
s perpendicular to the grid bars. The mesh grid was placed down-
tream of the two-dimensional contraction with a spacer �1.25 in.
hick� placed between the contraction and test section. The non-
imensional streamwise distance from the turbulence grid to the
urbulence measurement slot is given by x /B=16.

The velocity fluctuations in the streamwise direction were mea-
ured using a single hot-film probe with a 50 �m diameter and
oughly 1.5 mm long film that was connected to a constant-
emperature anemometer. Hot-film data were sampled for approxi-

ately 1.3 s at 100 kHz and filtered at 40 kHz. The hot-film probe
as discretely traversed over one vane pitch along the vertical

lot, as shown in Fig. 2. The turbulence intensity and integral
urbulence length scales were calculated at each measurement lo-
ation. The turbulence length scales were calculated using the
ethods described by Nix et al. �23� who applied Taylor’s hypoth-

sis of frozen turbulence. The turbulence levels and length scales
ere measured for the square mesh grid and a base line case
here no turbulence grid was installed in the tunnel. The turbu-

ence intensity and the normalized integral length scale distribu-
ions along the vane inlet pitch are provided in Figs. 9 and 10,
espectively. The summary of turbulence measurements is pro-
ided in Table 2.

To check the uniformity of the inlet flow to the vane passages
ownstream of the turbulence grid, a Kiel probe was continuously
raversed at low speed along the measurement slot shown in Fig.
. A velocity ratio was obtained by dividing the velocity measured
rom the Kiel probe by the velocity measured from a stationary
itot probe. The velocity ratio for the square mesh grid and a base

ine configuration tested is provided in Fig. 11.

Fig. 7 Square mesh turbulence grid

ig. 8 Square mesh turbulence grid location relative to the

est section
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Vane Static Pressure Distribution
Figure 12 shows the local Mach number distributions on the

vane surface for three exit Mach number conditions. The Mach
number distribution varies smoothly along the pressure side and
does not exhibit any velocity peak downstream of the stagnation
region. The flow on the suction side continuously accelerates up to
the geometric throat area �s /C=0.51�. The exit Mach 0.6 and 0.8

Fig. 9 Turbulence intensity along the inlet pitch

Fig. 10 Integral length scale along the inlet pitch

Table 2 Summary of grid generated turbulence

Tu intensity
Length scale

��x / P�
Turbulent KE

�k /U1
2�

Base line 2% 0.05 0.0002
Mesh grid 16% 0.23 0.0128
Fig. 11 Velocity ratio distribution along the inlet pitch

Transactions of the ASME
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ases decelerate immediately after the throat, whereas the exit
ach 1.0 case continues to accelerate and becomes supersonic. A

railing edge shock from the adjacent vane impinging on the suc-
ion surface �s /C=0.58� causes the multiflow decelerations after
he throat for the exit Mach 1.0 case.

The periodicity of the flow at exit Mach 0.8 is provided in Fig.
3. The flow periodicity is shown by comparing the local Mach
umber distribution over the vane surfaces. The suction sides of
anes 1 and 2 show the same local Mach number distributions
ver the majority of the suction surface. There is a slight variation
n the local Mach numbers near the geometric throat. The pressure
ide of Vanes 2 and 3 shows almost identical local Mach number
istributions with very small variation downstream of the stagna-
ion region.

The distribution of acceleration parameter, k, on the vane sur-
ace for each exit Mach number is provided in Fig. 14. A positive
cceleration parameter indicates that the flow is accelerating and a
egative value indicates that the flow is decelerating. On the pres-
ure side of the vane, the acceleration parameter for exit Mach 0.6
ase barely reaches the critical value of 3�10−6 after s /C=
0.43. This critical value of k has been observed by Jones and
aunder �24� and Mayle �25� as a criterion for boundary layer

elaminarization.

ane Heat Transfer Distribution

Test Conditions. Heat transfer measurements were performed
t exit Mach numbers of 0.55, 0.75, and 1.01. The turbulence
evels were varied between 2% and 16% at each exit Mach num-
er. The test matrix produced heat transfer data for six different
ow conditions. For each test condition, measurements were per-
ormed at least three times to establish repeatability. Table 3 pro-

Fig. 12 Local Mach number distribution
Fig. 13 Flow periodicity through vane passages

ournal of Turbomachinery
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vides the flow and heat transfer conditions for each test. The exit
Reynolds number coupled with the exit Mach number is based on
a vane chord and is defined by

Re2 =
�2U2C

�2
�5�

where the average pressure and temperature data during the test
run were used to calculate the exit Reynolds number.

Effect of Freestream Turbulence. This section discusses the
effect that increasing freestream turbulence has on the heat trans-
fer distribution over the turbine vane surface. Plots of the heat
transfer distribution over the vane surface are shown in terms of
the Nusselt number and the Nusselt number augmentation relative
to the low freestream turbulence cases.

Figures 15–17 provide the heat transfer distributions for each
freestream turbulence level at exit Mach 0.55, 0.75, and 1.01,
respectively. The large scale high freestream turbulence augments
the heat transfer at the leading edge, on the pressure side, and on
the suction side of the vane where the boundary layer is laminar.
The general shape of the heat transfer distribution over the vane
surface is the same for all cases. After having achieved a relatively
high heat transfer value at the leading edge, the heat transfer de-

Fig. 14 Acceleration parameter distribution

Table 3 Test conditions for each case

Exit Ma Tu �%� Exit Re To1 �°C� Tinit,w �°C�

Case 1 0.55 2 900,000 105 30.4
Case 2 0.55 16 908,000 107 28.2
Case 3 0.74 2 1,050,000 102 33.4
Case 4 0.75 16 1,060,000 107 33.3
Case 5 1.02 2 1,520,000 103 29.0
Case 6 1.01 16 1,500,000 104 32.0
Fig. 15 Heat transfer distribution at exit Ma 0.55

APRIL 2009, Vol. 131 / 021021-5
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reases as the flow proceeds down the suction and pressure sides
ue to the development of a laminar boundary layer. The heat
ransfer on the suction surface also responds to the pressure gra-
ient along the surface and decreases until the boundary layer
ransitions, where a large increase in heat transfer occurs. The heat
ransfer on the pressure surface shows a decrease until s /C=
0.25 and then a continuous increase until s /C=−0.86.
On the suction side, the transition to a turbulent boundary layer

ccurs downstream of throat at s /C=0.57 for the low turbulence
evel at exit Mach 0.55 and 0.75. The boundary layer transition
ength over the vane surface is short for the exit Mach 0.55 and
.75 cases because the flow is decelerating downstream of the
hroat. The boundary layer transition for the low turbulence at exit

a 1.01 occurs at s /C=0.40. Since the flow is still accelerating at
his point, the transition length is affected. The effect of accelera-
ion on the transition length was also noted in the study performed
y Zhang and Han �26�.

The start of the transition for the high turbulence tests at exit
ach 0.55 and 0.75 appears to begin slightly earlier at s /C
0.51. Again, the boundary layer transition length over the vane

urface is short for the exit Mach 0.55 and 0.75 cases because of
ow deceleration downstream of the throat. The boundary layer

ransition for the high turbulence at exit Ma 1.01 occurs also at
/C=0.40. For the exit Mach 1.01 case, the transition location is
bserved to be not influenced by the large scale high freestream
urbulence. The transition length for both turbulence cases at exit

ach 1.01 is interrupted around s /C=0.57, which corresponds to
he location where trailing edge shock from the adjacent vane
mpinges on the suction surface. The slow transition could be
ttributed to the interaction of the shock with the transitioning
oundary layer. Once the boundary layer goes turbulent on the
uction side, the effect of the large scale high freestream turbu-
ence level on heat transfer diminishes. This observation is con-

Fig. 16 Heat transfer distribution at exit Ma 0.75
Fig. 17 Heat transfer distribution at exit Ma 1.01

21021-6 / Vol. 131, APRIL 2009
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sistent with Ames and Moffat �27� and Thole and Bogard �28�
who showed that relatively large scale turbulence has a reduced
effect on turbulent boundary layer heat transfer augmentation.

The heat transfer data at high turbulence level were also nor-
malized with the 2% turbulence data to show the augmentation
levels due to turbulence. The augmentation plots for exit Mach
0.55, 0.75, and 1.01 are shown in Fig. 18. There is a peak in the
augmentation plot on the suction side for the exit Mach 0.55 and
0.75 cases because the transition occurs slightly earlier than low
freestream turbulence. Relatively higher augmentation levels can
be seen over the majority of the pressure surface as compared to
the suction surface. For instance, at exit Mach 0.75, average heat
transfer augmentations of 52% and 25% were observed on the
pressure and suction sides of the vane, respectively.

The heat transfer augmentation trends are similar over the ma-
jority of vane pressure surface for all exit Mach conditions. How-
ever, these augmentation plots show a change in shape at the aft
end of the pressure surface. The upturn in the augmentation plot at
exit Mach 0.55 and 0.75 shows a boundary layer transition behav-
ior on the pressure surface. This upturn in the augmentation plot
goes away at exit Mach 1.01, which shows that the low freestream
turbulence case achieves a complete boundary layer transition on
the pressure surface.

In the stagnation region, relatively lower augmentation levels
are observed at exit Mach 0.75 and 1.01 than for the exit Mach
0.55 case. Since the Mach number and the Reynolds number are
coupled in our facility, this behavior is consistent with the stagna-
tion region heat transfer study of Radomsky and Thole �6� that
indicates very little heat transfer augmentation with increasing
Reynolds number at high freestream turbulence. The augmenta-
tion levels are similar over the majority of vane suction surface
for exit Mach 0.55 and 0.75. However, at exit Mach 1.01, the
augmentation level is lower in the laminar region than at exit
Mach 0.55 and 0.75. This might be due to the diminishing influ-
ence of large scale high freestream turbulence on heat transfer
augmentation with increasing Reynolds number.

The heat transfer data were also compared to the flat plate cor-
relations for a laminar and turbulent boundary layer. While the flat
plate correlations do not take into account the effect of pressure
gradient or curvature on heat transfer, the correlations do provide
insight on boundary layer behavior. The flat plate correlations re-
ported by Incropera and DeWitt �29� in terms of the local Nusselt
number are

Laminar: NuL = 0.332ReL
1/2Pr1/3 �6�

Turbulent: NuL = 0.0296ReL
4/5Pr1/3 �7�

Fig. 18 Heat transfer augmentation at all exit Ma cases
The local Reynolds number given by

Transactions of the ASME
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ReL =
�LULs

�
�8�

as used to find the Nusselt number distribution of the correla-
ion. Averaged pressure and temperature data taken during the test
un were used to calculate the local Reynolds number. The local
usselt number was converted into a heat transfer coefficient at

ach measurement location by using

h =
NuLka

s
�9�

nd then the Stanton number is calculated by using Eq. �4�.
Figure 19 shows how the experimental data compare with the

aminar and turbulent flat plate heat transfer correlations on the
uction side of the vane at exit Mach 0.75. Before transition oc-
urs, the boundary layer data lie between the laminar and turbu-
ent boundary layer correlations for each case and follow the trend
f laminar correlation. The difference between the laminar corre-
ation and the low freestream turbulence data in the laminar region
an be attributed to the effect of a favorable pressure gradient. The
ugmentation due to turbulence can also be seen on the suction
ide. A good agreement between the turbulent flat plate correlation
nd the experimental data is shown for all of the data once the
ow goes turbulent on the suction surface. Similar trends were
lso observed for the exit Mach 0.55 and 1.01 cases.

The comparison of the experimental data at exit Mach 0.75
ith the laminar and turbulent flat plate correlations on the pres-

ure side is provided in Fig. 20. For low freestream turbulence, the
ata initially follow the trend of the laminar correlation and then
pproach the turbulent correlation toward the end of the pressure
urface. At high freestream turbulence the data follow the trend of
he turbulent correlation. Similar trends were also observed for
xit Mach 0.55 and 1.01 cases. From the acceleration parameter in

ig. 19 Suction side data compared to the flat plate correla-
ions at exit Ma 0.75

ig. 20 Pressure side data compared to the flat plate correla-

ions at exit Ma 0.75
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Fig. 14, the acceleration parameter barely reaches the critical
value over the pressure side after s /C=−0.43, so there was no
evidence of boundary layer relaminarization at any exit Mach
condition.

Effect of Reynolds Number. The primary objective of this
work was to examine the effect of freestream turbulence on heat
transfer at three exit Mach number conditions. Because of this
objective, the exit Mach number was not decoupled from the exit
Reynolds number. An increase in exit Mach number corresponds
to an increase in the exit Reynolds number. To remain consistent
with the previous sections, the data will be compared by stating
the Mach number. The actual exit Reynolds numbers measured for
each test are provided in Table 3.

The Nusselt number distributions showing the effect of increas-
ing the Reynolds number at turbulence levels of 2% and 16% are
shown in Figs. 21 and 22, respectively. As expected, there is an
overall increase in heat transfer due to the increase in Reynolds
number. The increase in heat transfer level is most noticeable at
the highest Reynolds number �Mach 1.01�. Another effect that the
highest Reynolds number has on the heat transfer is to promote an
early boundary layer transition �s /C=0.40� on the suction side.
An earlier boundary layer transition on the suction side is ob-
served at both turbulence levels.

On the pressure side, steeper streamwise Nusselt number gra-
dients are observed at the highest Reynolds number. These Nus-
selt number gradients are more noticeable at the low freestream
turbulence, indicating a boundary layer transition at the aft end of
the pressure side.

Leading Edge Correlation. The experimental data at the lead-
ing edge were compared to the correlation developed by Dullen-
kopf and Mayle �30�. The correlation takes into account the ef-
fects of freestream turbulence and integral length scale on

Fig. 21 Heat transfer distribution at Tu=2%
Fig. 22 Heat transfer distribution at Tu=16%
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tagnation region heat transfer. The correlation requires the deter-
ination of an “effective” leading edge diameter of the vane. The

ffective leading edge diameter of the vane is determined by fit-
ing the velocity distribution around the suction side of the vane to
potential flow theory for a cylinder in crossflow. The correlation
ses an effective turbulence level and also takes into account the
train rate. The effective Nusselt number is presented as a function
f this effective turbulence level Tu� by

NuaPr−0.37 = 0.571 + 0.01Tu� �10�
here

Nua =
NuD

�a1ReD

�11�

nd the value of Tu� is determined by

Tu� =
Tua

�La

�1 + 0.004La
2�5/12 �12�

he dimensionless length scale La is given by

La = ��x/D��a1ReD �13�
nd

Tua = Tu�a1ReD �14�

It must be mentioned that the dimensionless strain rate a1=4
as used for the stagnation data. Figure 23 shows the comparison
f current heat transfer data and the previous literature investiga-
ions �4,6,31� with Dullenkopf and Mayle’s correlation for stag-
ation region heat transfer. The experimental data at the leading
dge compare rather well with the correlation. All of the data
ollow the same trend as the correlation and lies within �9% �bias
rror� of the correlation.

FLUENT and TEXSTAN Comparison. Computational fluid
ynamics �CFD� heat transfer predictions at low freestream turbu-
ence were performed using a commercially available software
ackage �FLUENT 6.2.6�. A 2D computational domain representing
ne full vane passage with periodic boundary conditions was em-
loyed to simulate the cascade test condition. The computational
nlet was located at 0.45C upstream of the vane leading edge. For
ll test cases, total pressure and total temperature were specified at
he inlet and static pressure was specified at the outlet. The vane
eometry was simulated with constant wall temperature boundary
ondition. Freestream turbulence level and length scale were also
pecified at the inlet for all test cases. Fluid specific heat, thermal
onductivity, and molecular viscosity were kept constant for all
est cases.

For the FLUENT solver, a coupled implicit solution method with

ig. 23 Stagnation region data compared to Dullenkopf and
ayle’s correlation
he second-order upwind discretization scheme was chosen. The
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Reynolds-averaged Navier-Stokes �RANS� based v2-f turbulence
model, originally suggested by Durbin �32�, was used in all nu-
merical predictions. A 2D hexahedral mesh consisted of 73,300
cells and was refined near the wall to better capture wall heat
transfer, as shown in Fig. 24. This was achieved by adjusting the
near-wall spacing y+ to be less than 1. The convergence of calcu-
lation was assumed to be reached when all normalized residuals
were smaller than 10−5, except energy smaller than 10−7. In gen-
eral, 3000 iterations were required for full convergence.

Figure 25 shows the comparison of predicted and measured
Mach number distributions around the vane surface for three exit
Mach number conditions. Overall, the FLUENT results compare
very well with the experimental data on the pressure side at all
exit Mach conditions. On the suction side, the FLUENT predictions
also compare well with the experimental data at exit Mach 0.6 and
0.8. For the exit Mach 1.0 case, the FLUENT prediction matches the
experimental data up to s /C=0.58, but then the FLUENT model is
unable to reasonably predict multiflow decelerations caused by the
shock wave on suction side Mach number distribution.

Figures 26–28 provide the comparison of measured and pre-
dicted Nusselt number distributions for low freestream turbulence
levels at exit Mach 0.55, 0.75, and 1.01, respectively. The v2-f
model compares generally well over the majority of the vane pres-
sure surface at all exit Mach conditions, as observed by other
authors �33,34�. The model overpredicts the heat transfer at the
leading edge and in the laminar region on the suction side for the
exit Mach 0.55 and 0.75 cases. The v2-f model also predicts an
early boundary layer transition on the suction side and overpre-
dicts the heat transfer at the end of transition for the exit Mach
0.55 and 0.75 cases. An early boundary layer prediction and over-

Fig. 24 Computational domain for CFD predictions
Fig. 25 Local Mach number distribution comparison
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rediction of the heat transfer at the end of transition has also been
bserved by Luo and Razinsky �34�. At exit Mach 1.01, the v2-f
odel overpredicts heat transfer at the leading edge but then un-

erpredicts it in the region from s /C=0.25 to s /C=0.5. Also the
2-f model underpredicts turbulent boundary layer heat transfer
n the suction and pressure sides of the vane at exit Mach 1.01.

An attempt was also made to perform FLUENT v2-f heat transfer
redictions at high freestream turbulence level but the v2-f model
rofoundly overpredicted heat transfer at high freestream turbu-
ence on the entire surface of the vane at all exit Mach conditions.
igure 29 provides a comparison of measured and predicted Nus-
elt number distributions for a high freestream turbulence level at
xit Mach 0.75. The leading edge heat transfer is profoundly over-
redicted and seems to affect the heat transfer levels on the entire
urface of the vane. Modeling freestream turbulence eddy viscos-

Fig. 26 FLUENT prediction at exit Ma 0.55, 2% Tu

Fig. 27 FLUENT prediction at exit Ma 0.75, 2% Tu
Fig. 28 FLUENT prediction at exit Ma 1.01, 2% Tu
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ity as a function of large length scale, proper scaling of high
freestream turbulence near the wall, and developing correct mod-
els to account for the heat transfer augmentation in the leading
edge region and both surfaces of the vane at high freestream tur-
bulence are challenging and require more work.

The experimental data were also compared with the numerical
predictions of an academic version of TEXSTAN developed by
Crawford �35�. To model the flow through the vane passages, the
two-equation Lam–Bremhorst turbulence model was used with
the Schmidt–Patankar transition model. A constant surface tem-
perature boundary condition was applied to the vane, and the con-
stant freestream turbulence kinetic energy was set throughout the
computational domain by freezing the turbulence dissipation rate.

At low freestream turbulence, the TEXSTAN predictions match
well with the experimental data at all exit Mach conditions on the
pressure side until s /C=−0.53 but then start to deviate from the
measurements, as shown in Figs. 30–32. On the suction side, the
predictions match well with the data in the laminar region down-
stream of the leading edge, but the above mentioned turbulence
and transition models did not predict boundary layer transition.
For the low freestream turbulence case at all exit Mach conditions
only, the TEXSTAN was forced to transition at the location where
the experimental data indicated transition by using an abrupt tran-
sition model.

At high freestream turbulence, TEXSTAN overpredicted the heat
transfer on both the pressure and suction sides of the vane at all
exit Mach conditions, as shown in Figs. 33–35. The leading edge
heat transfer is also overpredicted at all exit Mach conditions.
However, the suction side predictions show a similar trend in the
laminar region, with the data only coming close to the prediction
after the transition. The pressure side predictions at all exit Mach
conditions also show a similar trend, with the data coming close to
prediction at the aft end of the pressure surface.

Fig. 29 FLUENT prediction at exit Ma 0.75, 16% Tu
Fig. 30 TEXSTAN prediction at exit Ma 0.55, 2% Tu

APRIL 2009, Vol. 131 / 021021-9

 license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Fig. 31 TEXSTAN prediction at exit Ma 0.75, 2% Tu

Fig. 32 TEXSTAN prediction at exit Ma 1.01, 2% Tu

Fig. 34 TEXSTAN prediction at exit Ma 0.75, 16% Tu
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Conclusions
Aerodynamic and heat transfer measurements were made on a

turbine vane at flow conditions representative of engine operating
conditions. Large scale high freestream turbulence was generated
by using a passive turbulence grid. Increasing the turbulence level
was observed to augment the heat transfer over the vane surface.

Relatively higher augmentation levels were seen over the ma-
jority of the pressure surface as compared to the suction surface
for all exit Mach conditions. High freestream turbulence hastened
the boundary layer transition on the suction side for the exit Mach
0.55 and 0.75 cases. For the exit Mach 1.01 case, the turbulence
augmentation was small on the suction surface as compared to the
exit Mach 0.55 and 0.75 cases. Also for the exit Mach 1.01 case,
increasing the freestream turbulence was observed to not influence
the location of boundary layer transition on the suction surface.

As expected, increasing the exit Reynolds number was shown
to increase the heat transfer levels and cause earlier boundary
layer transition on the suction side for the highest Reynolds num-
ber �1.5�106�. On the pressure side, steeper streamwise Nusselt
number gradients were observed at the highest Reynolds number.
These Nusselt number gradients were more noticeable at the low
freestream turbulence, indicating a boundary layer transition to
turbulent flow at the aft end of the pressure side.

Several comparisons were made between the data using the
analytical flat plate correlations, leading edge correlation devel-
oped by Dullenkopf and Mayle �30�, FLUENT v2-f model, and
TEXSTAN predictions. The heat transfer data showed a good agree-
ment with flat plate and leading edge correlations. The v2-f
model, and TEXSTAN resulted in an overall reasonable prediction
of the heat transfer at low freestream turbulence levels. At high
freestream turbulence, FLUENT v2-f model and TEXSTAN was found
to significantly overpredict the heat transfer levels on the vane
surface.
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Nomenclature
a1 � dimensionless strain rate
B � bar width of turbulence grid
C � vane chord

Cp � constant pressure specific heat
D � effective leading edge diameter of vane

Fig. 35 TEXSTAN prediction at exit Ma 1.01, 16% Tu
Fig. 33 TEXSTAN prediction at exit Ma 0.55, 16% Tu
f � elliptic operator in the V2F model
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h � heat transfer coefficient
ka � thermal conductivity of air
k � acceleration parameter/thermal conductivity/

turbulent kinetic energy
La � dimensionless length scale
LS � integral turbulence length scale
Ma � Mach number
Nu � Nusselt number

Nua � effective Nusselt number
Nu0 � Nusselt number at Tu=2%
NuD � Nusselt number based on D

P � vane pitch
Pr � Prandtl number
q� � heat flux
rc � recovery factor

Re � Reynolds number
ReD � Reynolds number based on D, evaluated at

inlet conditions
s � vane surface distance from stagnation point

St � Stanton number
T � temperature

Tu � streamwise freestream turbulence intensity
Tua � modified turbulence intensity
Tu� � effective turbulence intensity

U � local velocity
v2 � wall normal Reynolds stress component
x � streamwise distance from turbulence grid

y+ � equivalent normal distance

reek
� � specific heat ratio of air

�x � integral turbulence length scale
� � local density of air
� � dynamic viscosity of air

ubscripts
1, 2 � inlet conditions, exit conditions

aw, w � adiabatic wall, wall
gauge � thin film gauge �surface� measurement

init � initial
L � local conditions
o � stagnation
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